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, If supersymmetry is realized with spontaneous breaking of R-parity, there will 

vj ■ be important consequences in several different areas which can be tested through 

yJ ' different types of experiments. In this talk we review the phenomenological impli- 

^J ' cations of these theories, with special emphasis on new signals at the present and 

future accelerators. 

1 Introduction 

T-H ■ 

^ \ So far most attention to the study of supersymmetric phenomenology has 

Cn ■ been made in the framework of theJ\/[inimal Supersymmetric Standard Model 

j*;^ \ (MSSM)El with conserved R-parityH. R-parity is a discrete symmetry assigned 

-vj ' as Rp ~ (— i)(3-B+i+2S)^ where L is the lepton number, B is the baryon num- 

^_^ \ ber and S is the spin of the state. If R-parity is conserved all supersymmetric 

t^^ ' particles must always be pair-produced, while the lightest of them must be 

CT^ I stable. Whether or not supersymmetry is realized with a conserved R-parity is 

r^ ■ an open dynamical question, sensitive to physics at a more fundamental scale. 

CIhI The study of alternative supjersymmetric scenarios where the effective low 

ji« ■ energy fJppory violates R-parity explicitly has received recently a lot of at- 

q_) \ tentionofl. Although highly constrained by proton stability, their systematic 

,.J^ ■ study at a phenomenological level is hardly possible, due to the large number 

'<^ \ of parameters characterizing these models, in addition to those of the MSSM. 

• ^ I As other fundamental symmetries, it could well be that R-parity is a sym- 

KS \ metryjXLt the Lagrangian level but is broken by the ground state. Such sce- 

j^ . nariosQu provide a very systematic way to include R parity violating effects, 

■ ■ ■ ' automatically consistent with low energy baryon number conservation. 

In this review talk we will present a viable model for spontaneous breaking 
of R-parity and illustrate its phenomenological consequences. 

2 A Viable Model for Spontaneous R-Parity Breaking 

2.1 The Model 

In the original proposal eI the content was just the MSSM and the breaking 
was induced by the Dt acquiring a vev, (Or) = ^l- As a consequence the 
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Table 1: Lepton number assignments for the superfields in Eq. hi 

Majoron (J) coupled to the Z^ with gauge strength and the decay Z^ ^ plJ 
contributed with the equivalent of 1/2 a neutrino to the invisible Z° width. 
As this was ruled out but the LEP results, a possible way out was proposed. 
The ideaQ was to enlarge the model and make J mostly out of isosinglets. The 
model is defined by the Superpotential 



W = huu'QHu + hdd^QHd + hee^LHd 
+ {hoHuHd - e')$ 



(1) 



where the lepton number assignments are given in Table nl The spontaneous 
breaking of R parity and lepton number is driven by 



VR = {vb.t) Vs = (Sr) VL = {Vt 

The electroweak breaking and fermion masses arise from 

(Hu) = Vu (Hd) = Vd 



(2) 



(3) 



with w^ = vf^ + v^ fixed by the W mass. The Majoron is then given by the 
imaginary part of 



vl - 



vr ~ 



Vs A 



Vv 



(VuHu - VdHd) + -—Vr - -ry-V'r + -rrSr 



V 



V 



V 



(4) 



where V = x/vj^ + w|. Since the majoron is mainly an SU{2) ® U{1) singlet 
it does not contribute to the invisible Z° decay width. 



2.2 Tree Level Breaking 

To study the breaking of R-parity in the model described in Eq. w we consid- 
ereda, for simplicity, the 1-generation case. The soft breaking terms are: 

VsB = mo [-^Aho^^HuHd ~ Be^<i> + CKv^OHu + Dh<^v''S + h.c] 



At unification scale we have RC = I? = A; B = A — 2 and universality of 
the soft masses m^ — m^ = ■ ■ ■ = rn^. At low energy these relations will be 
modified by the renornialization group evolution. For simplicity we take 

C = D = A and B^ A-2 (6) 

but let the soft masses at the weak scale be arbitrary. Then the neutral scalar 
potential is given by 

+ \h^V'\^ + I - hoH^Hd + hu'S -e^f + VsB (7) 

To find the. solutions of the stationary equations we follow the following 3 step 
procedure eI: 

1. Finding solutions of the extremum equations 

We start by taking random values for h, h^, hi,, A, e^ and mg and vr, 
vs- Then choose tan/3 = ^ and fix Vu,Vd by W mass relation, 

mlr = ^9\vl+vj + vl) (8) 

Finally we solve the extremum equations exactly for m„, m^, . . ., mg. 
This is possible because they are linear equations on the mass squared 
terms. 

2. Showing that the solution is a nainimum 

To show that the solution is a true minimum we calculate the squared 
mass matrices for the real and imaginary parts of the scalar fields, M^ 
and Mj and find numerically the eigenvalues. The solution is a minimum 
if all nonzero eigenvalues are positive. A consistency check is that we 
should get two zero eigenvalues for Af| corresponding to the Goldstone 
boson of the Z° and to the majoron J. 

3. Comparing with other minima 

There are three kinds of minima to which we should compare our solution. 

• Vu = Vd = VL = vr = Vs = ; VF ^0 

• VL ^vr^vs ^0 ; Vu, Vd, w_F 7^ 

• Vu=Vd^VL^O ; vr,vs,vf ^0 



nn a N=l SUGRA model. 



As a final result we found a large region in parameter space where our 
solution that breaks Rp and SU2 ® U{1) is an absolute minimum. 

2.3 Radiative Breaking 

We consideredla the theory characterized by the following superpotential: 

W = Ku^QHu + hdd^QHd + hee^LHd 

+hoHuHd<P + Kv^LHu + h'^v'^S + A^^ (9) 

For this theory with the following boundary conditions at unification, 

Au = A = Aa = A^=Ax, 

Ml^^ = Ml^ - Ml^ = Ml = Ml = ml , 

M^ = C^oml ■ Ml = Csml ; Af| = C^m^ , 

M3 = M2 = Ml = Ml/2 (10) 

we run the RGE from the unification scale Mjj ~ 10"'^^ GeV down to the weak 
scale. In doing this we randomly give values at the unification scale. After 
running the RGE we have a complete set of parameters, Yukawa couplings and 
soft-breaking masses rrif{RGE) to study the minimization of the potential. 



Vtotal — 7 ^ 



dW ^ 



dz 



Vd + Vsb + Vrc (11) 



To solve the extremum equations we use the method described before, except 
that now the value of u„ is determined from rritop = hfVu for rritop = 175 ± 5 
GeV and Vd and tan(/3) are then determined by mw- After doing this we end 
up with a set of points for which: 

1. The Yukawa couplings and the gaugino mass terms are given by the RGE. 

2. For a given set of mf each point is also a solution of the minimization of 
the potential that breaks R-Parity. 

3. However, the mf obtained by the minimization of the potential differ 
from those obtained from the RGE mf{RGE). 

Our goal is to find solutions that obey 

mj = m1{RGE) Vi (12) 
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To do that we define a function 



V 



max 



m1{RGE)\ 



mliRGEY 



Vi 



(13) 



that has the property 77 > 1. We are then all set for a minimization procedure. 
We were not able to find solutions with strict universality. But if we relaxed 
the universality conditions on the squared masses of the singlet fields, as shown 
in Eq. pOl, we got plenty of solutions. 



3 Main Features of the Model 

3.1 Chargino Mass Matrix 

The form of the chargino mass matrix Ii3 is common to a wide class of SUSY 
models with spontaneously broken R-parity and is given by 



ei 

HI 

-iW- 



Hni 
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-h. 







gvd 
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(14) 



gvu 
As a consequence the usual charged leptons will mix with the MSSM charginos. 



3.2 Neutralino Mass Matrix 

Under reasonable approximations, we can-truncate the neutralino mass matrix 
so as to obtain an effective 7x7 matrixllil 
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(15) 



This matrix induces mixing between the neutrinos, considered as Majorana 
fermions, and the MSSM neutralinos. As a result of these mixings, both the 
charged and neutral current couplings are modified with respect to the MSSM. 
This will be very important in the phenomenological applications. 



3.3 Experimental Constraints 

While studying the phenomenology of these .niiprlels there are many experi- 
mental constraints that have taken in account L^O'tHl. These come from many 
different types of experiments. LEP searches puts limits on chargino masses 
and also in the amount of new contributions both to the total and invisible Z'^ 
width. From the hadron colliders there are restrictions on the gluino mass. Fi- 
nally there are additional restrictions, which are more characteristic of broken 
R-parity models. They follow from laboratory experiments related to neutrino 
physics, cosmology and astrophysics. The most relevant are: neutrino-less 
double beta decay, neutrino oscillation searches, direct searches for anoma- 
lous peaks at tt and K meson decays, the limit on the tau neutrino mass and 
cosmological limits on the i^r lifetime and mass. 



4 Implications for Neutrino Physics 

Here we briefly summarize the main results for neutrino physics. 

• Neutrinos have mass 

Neutrinos are maaal^s at Lagrangian level but get mass from the mixing 
with neutralinosEjO 

• Neutrinos mix 

The coupling matrix h,^. . has to be non diagonal to allow 

Vt ^ v^ + J (16) 

and therefore evadingO the Critical Density Argument against v' s in the 
MeV range. 

• Avoiding BBN constraints on the m^^ 

In the SM BBN argumentsll3 rule out i^r masses in the range 

0.5 MeV < m^^ < 35MeV (17) 

We have shown EJ that SBRP models can evade that constraint due to 
new annihilation channels 

i,.,,^^ -^ J J (18) 
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5 R-Parity Violation at LEP I 

5.1 Higgs Physics 

The structure of the neutral Higgs sector is more complicated then in the 
MSSM. However the main points are simple. 

• Reduced Production 

Like in the MSSM the coupling of the Higgs to the Z" is reduced by a 
factor es 

gzzh 



es = 



SM 

yzzh 



< 1 (19) 



• Invisible decay 

Unlike the SM and the MSSM where the Higgs decays mostly in bb, here 
it can have invisible decay modes like 

H ^ J + J (20) 

Depending on the parameters, the BR{H — *■ invisible) can be large. This 
will relax the mass limits obtained from LEP. We performed a model 
independent analysis of the LEP datatj taking m//, eb and BR{H —> 
invisible) as independent parameters. 

5.2 Chargino Production at the Z Peak 

The more important is the possibility of the decay 

Z° ^ X^r^ (21) 



This decay is possible because Rp is broken. We have shown I12H13 that this 
branching ratio can be as high as 5 x 10^^. Another important point is that 
the chargino has different decay modes with respect to the MSSM. 



• 3-body decay 


X- 


- x" + //' 


• 2-body decay 


X- 


-^T + J 



5.3 Neutralino Production at the Z Peak 

We have developed an event generator that simulates the processes expected 
for the LEP collider at -^5 = Mz . Its main features are: 
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Production 

As far as the production is concerned, our generator simulates the fol- 
lowing processes at the Z peak: 



e+e" -^ XV (22) 

e+e" -^ XX (23) 

• Decay 

The second step of the generation is the decay of the lightest neutralino. 
The 2-body only contributes to the missing energy. The 3-body are: 

X -^ Vt-Z* -^ Vt 11^, VrVV^ Vrqiqi (24) 

X^ T W* ^ TVik, TquOd (25) 

• Hadronization 

The last step of our simulation is made calling the PYTHIA software for 
the final states with quarks. 

One of the cleanest and most interesting signals that can be studied is the 
process with missing transverse momentum + acoplanar muons pairs 

^T + M+Ai" (26) 

The main source of background for this signal is the 

Z -^ fJ-^l^'^ + soft photons (27) 

For definiteness we have imposed the cuts used by the OPAL experiment for 
their search for acoplanar dilepton events: (a) We select events with two muons 
with at least for one of the muons obeying | cos 9\ less than 0.7. (b) The energy 
of each muon has to be greater than a 6% of the beam energy, (c) The missing 
transverse momentum in the event must exceed 6% of the beam energy, ^7^ > 3 
GeV. (d) The acoplanarity angle (the angle between the projected momenta 
of the two muons in the plane orthogonal to the beam direction) must exceed 
20°. With these cuts we were able to calculate the efficiencies of our processes. 
We used the data published by ALEPH in 95 and analyzed both the single 
production e+e^ -^ x^ and the double production e+e^ -^ XX processes. For 
single production we get 

Nexptixv) = cr(e+e" -^ xv)BR{x -^ v^iJ^ ii^)€^i, Lint (28) 



Using the expression for the cross section we can write this expression in terms 
of the product BR{Z -^ x^) ^ BR{x -^ j^t/^^/^") and obtain a 95%CL hmit 
on this R-parity breaking observable, as a function of the x niass. This is 
shown in Figure y. For the double production of neutralinos the number of 
expected ^t + fJ-^ tJ-~ events is 



Nexptixx) = CT(e+e- ^ xx)'^BR{x ^ invisible) Bi?(x 



vr^J''^^J' ) 



'XX 



Lint 

(29) 
We can obtain an illustrative 95%Ci limit on BR{Z — > xx) ^ BR{x -^ 
VrH^ H^) X BR{x -^ invisible) as a function of the x mass. This is also shown 
in Figure gj where we can see that the models begin to be constrained by the 
LEP results. 
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Figure 1: On the left a comparison of the attainable limits on BR{Z — > x!^)_Bi?(x — » 
fi'^ li~ f) versus the lightest neutralino mass, with the maximum theoretical values expected 
in different R-parity breaking models. The solid line (a) is just for the fi^ ^i~v channel, while 
(b) corresponds to the improvement expected from including the e^e~v channel, as well as 
the combined statistics of the four LEP experiments. The dashed line corresponds to a 
model with explicit R-parity violation, while the dotted one is calculated in the spontaneous 
R-parity-violation model. On the right the same for BR{Z —* Xx)BR(x ~* /i'^ fi^v). 



6 R-Parity Violation at LEP II 

6.1 Invisible Higgs 

The previous LEP I analysis has been extended for LEP Illlll As a general 
framework we consider models with the interactions 



I^hzz - es f \/2 Gf\ ' ' MlZ.Z^'h 



e+e- -^ (Zh + Ah) - 


-^bb ^ 


e+e- ^ Zh^ i+r 


+ Pt 


also the more standard processes 




e+e- -^ Zh^ l+r 


+ bb, 


e+e- -^ {Zh + Ah) 


-.bb - 



ChAz = -CA^—Zf'h d^ A , (30) 

cos Ow 

with £a(b) being determined once a model is chosen. We also consider the 
possibility that the Higgs decays invisible 

h^JJ (31) 

and treat the branching fraction B for h — > J J as a free parameter. 
The following signals with p were considered: 



(32) 



bb . (33) 

Using the above processes and after a careful study of the backgrounds and of 
the necessary cuts,EZl it was possible to evaluate the limits on Mh, M^, e^, cb, 
and B that can be obtained at LEP II. In Figure ^ are shown some of these 
limits. 

6.2 Neutralinos and Charginos 

At LEP II the production rates for R-Parity violation processes will not be very 
large, compared with those at LEP I. Therefore we expect that the production 
rates will be like in the MSSM, via non R-parity breaking processes. However 
the decays will be modified much in the same way as in the LEP I case. This is 
specially important for the xo because it is invisible in the MSSM but visible 
here. Also the R-parity violating decays of the charginos 

X-^T-+J (34) 

can have a substantial decay fraction compared with the usual MSSM decays 

X" ^ X° + f7 (35) 
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Figure 2: On the left, bounds on e^ as a function of Mj, for y^ = 175GeV. On the right, 
bounds on e^ as a function of M^ and M^ for B = 1 and y/s = 175 GeV. 



7 Conclusions 

There is a viable model for SBRP that leads to a very rich phenomenology, 
both at laboratory experiments, and at present (LEP) and future (LHC, LNC) 
accelerators. We have shown that the radiative breaking of both the Gauge 
Symmetry and R-Parity can be achieved. In these type of models neutrinos 
have mass and can decay thus avoiding the critical density argument. They 
also can evade the BBN limits on a Vr on the MeV scale. Regarding Higgs 
Physics, the most important point is that the lightest Higgs boson can have 
a significant invisible decay fraction. This changes the standard analysis for 
the Higgs mass limits. We have illustrated how the existing data gathered by 
the LEP collaborations at the Z peak are sufhcient to probe the spontaneously 
broken R-parity models. These results have been extended for the case of LEP 
II after they have collected C — 500pb~^ of data. 
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